ABSTRACT. The ability of frozen-thawed fetal skin was examined to generate viable cell lines for nuclear transfer. Fetal skin frozen at -35°C or -80°C in the presence of 5% DMSO were used as tissue explants to generate somatic cells. The resultant confluent cells were then used as donors for nuclear transfer (NT). Of the bovine NT embryos reconstructed from the somatic cells, 78% to 81% showed cleavage, 43% to 48% reached the stage of morula formation and 34% to 35% reached blastocyst formation. There were no significant differences in development (P>0.05) when the NT embryos were compared with those reconstructed from fresh somatic-cell-derived skin tissues (75%, 45%, and 38%, for cleavage, and development to morula and blastocyst stages, respectively). The results indicated that cell lines derived from bovine fetal skin cryopreserved by a simple method could be used as donors in nuclear transfer. The resulting embryos showed similar development in vitro to those reconstructed from unfrozen fetal-skin-derived somatic cells. KEY WORDS: bovine, nuclear transfer, somatic cell.
The successful production of offspring from differentiated somatic cells by nuclear transfer techniques has demonstrated that the nuclei of these cells can be reprogrammed by the cytoplasm of the recipient oocytes [1, 9, 12, 16, 18] . These successes have opened wide opportunities to produce transgenic animals and elite livestock from adult animals, and to conserve threatened species. Fresh and frozenthawed somatic cells have been used successfully in nuclear transfer to produce offspring [3, 17] .
Cryopreservation techniques have been widely used to preserve cell lines or embryonic cells for research or breeding purposes. In cloning by nuclear transfer in domestic animals, cell lines derived from adult or fetal tissues have been widely used to prepare donor cells, and subsequent cell lines have been frozen for other purposes. However, with all of the above techniques, special care and preparation must be used to maintain the viability of field samples until they are subjected to further steps in the laboratory.
The first aim of this study was to explore the possibility of generating somatic cell lines from tissue explants that had been frozen and kept for a period of time. The second aim was to examine the viability of the resultant cells by transferring them to enucleated matured oocytes.
A fetus obtained from a local slaughterhouse was carried to the laboratory in physiological saline (0.9% [w/v] NaCl) at 30°C to 37°C within 3 hr after slaughter. After the fetus had been washed three times in the saline solution, the skin was carefully separated from the underlying tissues, then cut into pieces (0.5 to 1 cm 2 ) and placed into several 50-ml conical tubes (Falcon, U.S.A.) filled with Dulbecco's phosphate buffered saline solution (GibcoBRL, Life Technologies, U.S.A.) supplemented with 5% (v/v) dimethylsulfoxide (DMSO, Wako, Japan). The tissues were kept in this solution at room temperature for 20 min, then put into freezer at -35°C or -80°C for about 3 months before further use. As negative controls, some of the tissues were put into PBS without the addition of DMSO, and were then frozen at -35°C or -80°C.
Thawing was accomplished by warming the conical tube in a dry thermo unit (DTU-1B, Taitec Co., Japan) at 37°C until the ice had completely melted. The skin was minced into small pieces in freshly prepared PBS, then subjected to enzymatic digestion with 0.25% trypsin-EDTA in Trissaline solution [8] for 30 min at 38.5°C. The skin was then washed with PBS by centrifugation at 3,000 rpm × 5 min, twice. The final tissue pellet was cultured in Dulbecco's modified Eagle's medium (DME, Gibco) supplemented with 5% fetal bovine serum (FBS) and 50 µg/ml gentamicin sulfate (Sigma, St. Louis, MO, U.S.A.) in a 35-mm cell culture dish (Falcon 35-3001, U.S.A.) at 38.5°C under a humidified atmosphere of 3.5% CO 2 in air. Confluent cells were routinely passaged and recultured (twice a week) in DME medium supplemented with 5% FBS and 50 µg/ml gentamicin sulfate, following disaggregation with 0.25% trypsin-EDTA in Tris-saline solution. Confluent cells from 7 to 10 passages were used as donor karyoplasts. Cells for nuclear transfer (NT) were cultured in DME medium containing a low concentration of fetal bovine serum (0.5%, v/ v) for 4 to 5 days.
Recipient cytoplasts were prepared from oocytes matured in vitro. Briefly, cumulus-oocyte complexes (COCs) were aspirated from ovarian follicles 2 to 6 mm in diameter. The COCs were washed three times in a maturation medium [TCM199 medium (Earle's salts) buffered with 25 mM HEPES (Gibco) supplemented with 0.02 AU/ml FSH (Denka Pharmaceutical Co., Kawasaki, Japan), 100 ng/mL somatotrophine (Sigma) and 50 µg/ml gentamicin sulfate].
Incubation of COCs in the maturation medium was conducted at 38.5°C in a humidified atmosphere of 3.5% CO 2 in air for 20 hr. After maturation, the cumulus cells were removed by vortexing followed by pipetting in a solution of 330 IU/ml hyaluronidase (Sigma) in calcium-and magnesium-free Dulbecco's phosphate buffered saline (Gibco). Oocytes with extruded polar bodies (MII stage) and homogeneous dark-pigmented ooplasms were selected as recipient oocytes. The first polar body and metaphase plate chromosome were removed by being squeezed out after the zona pellucida had been cut with a sharp glass needle in a manipulation medium [PBS solution containing 5 µg/ml cytochalasin B (Sigma) and 3 mg/ml bovine serum albumin (BSA, Sigma)]. To ensure that the chromosome was removed, the oocytes were incubated in CR1aa [13] containing 10 µg/ml Hoechst 33342 (Calbiochem, San Diego, CA, U.S.A.) for 10 to 20 min, and then examined under epifluorescence microscopy for the presence of metaphase plate chromosomes. Only the successfully enucleated oocytes were transferred into fresh manipulation medium and used as recipient cytoplasts.
A single-cell suspension of fetal somatic cells was prepared by trypsinization, as described above. The cells were washed with DME supplemented with 5% FCS, resuspended and kept in the manipulation medium supplemented with 40 µg/ml phytohemaglutinin (Sigma). A single fibroblast was aspirated into a transfer pipette (20 µm outside diameter) and inserted into the perivitelline space of the recipient cytoplast through the slit made during enucleation. Prior to fusion, the couplets were equilibrated through successive dilution of CR1aa with Zimmerman fusion medium (i.e., 2:1 and 1:2) and finally held in the Zimmerman fusion medium before deposition in the fusion chamber. The fusion between the couplets was initiated by a single pulse of 1 kV/cm for 50 µs in a chamber filled with Zimmerman fusion medium. After fusion, the couplets were briefly washed in CR1aa medium supplemented with 5% FBS medium and incubated in this medium for 20 min before chemical activation. The successfully fused couplets were chemically activated by being cultured in medium containing 10 µg/ml calcium ionophore (Sigma) for 5 min at 38.5°C, followed by 10 µg/ml cycloheximide (Wako) dissolved in CR1aa medium, under a humidified atmosphere of 3.5% CO 2 in air, for 5 to 6 hr at 38.5°C. Embryo culture was performed in 100-µl drops (5 to 10 embryos per drop) of CR1aa medium supplemented with 5% FBS overlaid with paraffin oil at 38.5°C in 3.5% CO 2 in air. The development of reconstructed embryos was examined under a microscope every 48 hr following fusion. The numbers of cleaved embryos (Day 2), morulae (Day 5) and blastocysts (Day 7) were recorded.
We then compared the development in vitro of our NT embryos, reconstructed from somatic cells derived from fetal skin frozen at -35°C (F-NT35) or -80°C (F-NT80), with that of NT embryos reconstructed from unfrozen fetaltissue-derived cells (NF-NT). A further experiment was conducted by transferring the resultant blastocysts to synchronized recipient cows.
Derivation of somatic cells from the frozen fetal skin was repeated at least 4 times. In the negative controls (fetal skin frozen at -35°C or -80°C without DMSO), no cell lines had been established after 2 weeks of cell culture. However, skin frozen at -35°C or -80°C in the presence of DMSO formed tissue clumps surrounded by a cell layer after 10 to 14 days of culture. This result suggests that the presence of DMSO as a cryoprotectant is essential to maintain the viability of skin tissues subjected to cryopreservation. Morphological observation suggested that some parts of the tissues showed evidence of degeneration after thawing and culture (Fig. 1A) , but the formation of clumps in the center of the cultured tissue suggested that some cells survived when the tissue was frozen in the presence of cryoprotectant, and these provided cell lines when the tissue was subjected to further culture (Fig. 1B, C) . Some mammalian cells and tissues die when subjected to subzero temperatures (-10°C to -20°C), but the effect of cryo-injury can be reduced by the addition of cryoptrotectants, such as DMSO or glycerol. Mazur [10] reported that the survivability of cryopreserved cells was dependent on the concentration of the cryoprotectant. High concentrations of DMSO gave higher rates of cell survival at temperatures from below 0°C to -80°C. In mice, offspring have been produced from oocytes injected with spermatozoa that have been cryopreserved at -50°C with or without cryoprotectant [15] . Also, cryopreservation of ovarian tissues followed by the use of allografting and xenografting techniques has been reported to be successful in restoring oocyte fertility [5] [6] [7] and producing offspring [11] .
The in vitro development of NT embryos reconstructed from somatic cells derived from frozen or unfrozen fetal tissue is summarized in Table 1 . The percentages of fusion, cleavage and development to the morula or blastocyst stage were not significantly different (P>0.05) from those of NT embryos reconstructed from somatic cells derived from unfrozen fetal tissue. This suggests that somatic cells derived from frozen tissues have the ability to be altered by the cytoplasm of the oocytes following nuclear transfer and can develop to the blastocyst stage. It has been suggested that exposure to a cytoplasm environment containing a high level of maturation promoting factor (MPF) is necessary for the successful in vitro development of NT embryos [2, 4] . Unfortunately, the exact mechanism of nuclear reprogramming has not yet been elucidated. The fact that offspring have been shown to be produced from NT embryos derived from frozen-thawed cells [3] opens the opportunity for us to conduct long-term preservation of high-quality genetic material in the somatic cell form much more simply than as embryonic cells. Recently, frozen-thawed cumulus cells stored in mechanical freezers or liquid nitrogen have also been used as donor cells in somatic cell nuclear transfer. They showed similar potential to develop to the blastocyst stage [14] .
Twenty-four blastocysts from the F-NT35 group were transferred to 12 synchronized recipient cows, i.e 2 per cow, and 8 blastocysts from the NF-NT group were transferred to 4 recipient cows. The transfer of blastocysts from the F-NT80 group was not performed because a limited number of recipient cows were available. Six pregnancies in the F-NT35 group and two pregnancies in the NF-NT group were detected by an ultrasound-guided device on days 27 to 30 after transfer. However, all of the recipients revealed estrus 52 to 60 days after transfer. No further comparison was performed, since none of the pregnancies progressed to term. On the basis of morphological observations of ultrasoundguided photographs, almost of the pregnancies showed small amniotic parts.
The results of this study demonstrate that NT embryos reconstructed from somatic cells derived from frozen skin tissue can contribute to blastocyst formation after nuclear transfer (Fig. 2) . More basic research is needed to ensure the viability of cell lines derived from frozen thawed tissues, before they can be used for purposes such as nuclear transplantation for the conservation of endangered species or production of high quality stock in the field. This study may have a significant impact on the cryopreservation of genetic material in the field when valuable animals die unexpectedly and it is not possible to generate cell lines immediately or the tissues must be kept until appropriate recipient oocytes are obtained.
In conclusion, we have demonstrated that skin tissues frozen in the presence of cryoprotectant (DMSO) can be used as sources of tissue explants for generating cell lines, and the resultant cells can be used to donate nuclei for nuclear transplantation, producing a high proportion of reconstructed embryos that are able to develop to the blastocyst stage. 
